This paper addresses the modelling of the processes associated with acid mine drainage affecting the Trimpancho River basin, chosen for this purpose because of its location and paradigmatic hydrological, geological, mining and environmental contexts. By using physical-chemical indicators it is possible to define the contamination degree of the system from the perspective of an entire river basin, due to its reduced dimension. This allows an exhaustive monitoring of the study area, considering the particularity that the stream flows directly into a water dam used for human supply.
INTRODUCTION
Acid mine drainage (AMD) is a global problem in water systems receiving leachates, associated with sulphide and coal mining. AMD process is a complex mechanism that starts with the transformation of sulphides into sulphates by oxidation. Such a process releases protons, generating extreme acidity in the water channels. This allows the dissolution of metals and metalloids that are present in the environment. The AMD process has been extensively described by numerous authors, such as Zhao et al., () in China, Valente & Leal Gomes () The IPB is one of the largest metallogenic provinces in the world, whose massive sulphides have been exploited since prehistoric times. As a result of these intensive mining operations, a great volume of waste rock dumps, mining tails and dams was created. In the absence of actions to prevent and remediate the pollution, AMD is generated, flows to the natural watercourses and causes a strong decrease of the water quality. This problem has remained to nowadays and due to the absence of legal responsibility, it should be addressed by the agencies that are responsible for territorial management.
The construction of dams is one of the most frequent alternatives used to meet the water needs of populations located in dry or semi-dry climates (Grande et al. ) . When referring to water reservoirs, the following question is pertinent: What happens when AMD affected streams are regulated by a building dam? In a simplified way, the answer is that most of the dissolved metals and metalloids precipitate as a result of the pH increase. As a consequence, the concentration of the pollutants will be increased in the water reservoir, which will always be subjected to pH variations of the environment (Grande et al. ) .
Toxic elements, such as arsenic, which has a particular behaviour, must be considered. It may form numerous chemical species, each of them with different abundance, mobility, potential toxicity and geochemical transformation (Sánchez-Rodas et al. ). Arsenic enters into the river network as As (III) at pH values close to 3, and once dissolved, it is oxidized to As (V). Then, it is maintained in solution until it suffers precipitation at pH values around 12 (Grande et al. ) , which never happens naturally in these courses. So, this element must be removed by treatment before the water distribution for domestic use.
The present work is developed in the river basin of the Trimpancho River and its main objectives are a geological and mining characterization of the area as well as an analysis of the changes in the hydrochemical characteristics of the stream caused by the leachates from the waste rock dumps of four midsize mines: Volta Falsa, Trimpancho Group mines, La Condesa and Nuestra Señora del Carmen. All of them are currently abandoned and have a high degree of degradation, generating serious conditions in the environment. Note that these waters, without any treatment, are incorporated into the Chanza reservoir, which was built for human supply.
For the characterization, sampling and analysis of water were carried out at several selected sites. The results were subjected to a statistical study that has checked the multivariate analysis as a useful tool for environmental assessment in this type of affected scenarios, contributing to an advance in the state of the art.
Location setting
The study area is located in the IPB (Figure 1 ), in the SW of Spain, which is one of the world's biggest mining provinces (Leistel et al. ) , with sulphide reserves over 1,500 Mt. The mineralogical composition of these deposits is dominated by pyrite (FeS 2 ), with lesser amounts of sphalerite (ZnS), galena (PbS), chalcopyrite (CuFeS 2 ), arsenopyrite (FeAsS) and other sulphides containing accessory amounts of Cd, Sn, Ag, Au, Co, Ni, etc. (Olías et al. ) . The region has suffered intense mining activity for 4,500 years (Sáez et al. ) that has left a footprint of a large number of mines currently abandoned and hundreds of hectares of waste rock dumps and mining dams exposed to the climate elements. These conditions provide the ideal scenario for the development of the AMD process and the consequent degradation of waterflows that receive those contributions.
Trimpancho River basin is located in this geomining context, where there are several medium-sized mines with similar characteristics. All these mines are currently abandoned: Volta Falsa, Trimpancho Group mines, La Condesa and Nuestra Señora del Carmen (Figure 1) . The wastes present in these sulphide-rich mines are acid producers, representing sources of acid drainage that, through the Trimpancho Stream, discharge into the Chanza reservoir, which supplies many municipalities in the Huelva province.
Methodology
A water sampling network was established throughout the basin of the Trimpancho River, considering a total of 19 samples. Sampling was carried out in April 2014, at the end of the rainy season. The location of the sampling points begins at a point located a few meters before the waste rock dump of Nuestra Señora del Carmen mine (Figure 1 ), where the water has not yet been affected by acid leachates. It concludes at a point several meters downstream of the junction of Trimpancho Stream with Chanza River. Also, sampling points were selected immediately upstream and downstream of each mine waste dump, in order to evaluate the effects of the leachates on the physical-chemical parameters of the system.
At the time of sampling, pH, temperature (T), electric conductivity (EC), and total dissolved solids (TDS) were measured in situ with portable multiparametric equipment CRISON MM40. The redox potential (Eh) was analysed with an ORPTestr 10. The probes were calibrated according to standard methods and kept submerged until the reading of the parameters was stable. All the reagents used were of analytical grade or of Suprapur quality (Merck, Darmstadt, Germany). The standard solutions were Merck AA Certificate. Milli-Q water was used in all the experiments.
After field measuring, two water samples were taken at each sampling point. They were stored in high density polyethylene bottles of 100 mL and 200 mL, respectively. One was used for the determination of sulphate and the other for the determination of other elements. To this last 1% nitric acid was added to lower the pH below 2, thus fixing metals during transport to the laboratory. Here they were held in a cooler at 4 W C, ensuring isothermal conditions and darkness.
To perform the analysis in the laboratory, firstly the water samples were filtered using a 0.45 micron cellulose nitrate membrane filter (Sartorius11406-47-ACN). Analyzed elements were Al, As, B, Ba, Be, Bi, Ca, Cd, Co, Cr, Cs, Cu, Fe, Ga, Ge, Hf, K, Li, Mg, Mn, Mo, Na, Nb, Ni, P, Pb, Rb, S, Sb, Sc, Se, Si, Sn, Sr, Ta, Ti, V, W, Y, Zn, and Zr. Sulphate was analyzed by photometry with an FP-11 MacheryNagel equipment and the rest of elements by mass spectrometry with inductively coupled plasma (ICP/MS) and optical emission spectrometry (ICP/OES).
For the treatment of the data obtained from in situ measurements and laboratory analyses, a data matrix was developed that was subjected to a statistical treatment. This allowed the statistical summary of variables to be obtained and spatial graphic treatment, cluster analysis of the sampling points, and, finally factor analysis for the different variables to be performed.
The cluster analysis allows the establishment of proximity relationship between variables (Grande et al. ) and, then, to propose a hydrochemical operation model, based on the grouping of variables in different subclusters, which are related with the paragenesis and the physicalchemical properties of the water. On the other hand, factor analysis is a technique that summarizes the information contained in a data matrix, identifying a small number of factors that represent the original variables, with minimal loss of information (de la Torre ).
Data processing was done with the software package STATGRAPHICS Centurion XVI and Excel.
RESULTS AND DISCUSSION
The results obtained after statistical treatment of in situ measurements and laboratory analyses are shown below.
Statistical summary
From the statistical summary presented in Table 1 , some notes should be highlighted. The pH average value is 4.05, ranging from 2.71 at point 5, up to 7.25 at point 19, There are a number of elements whose average concentration is much higher than the others. Regarding the standard deviation, it can be noted that those of sulphates and TDS present much higher values than the rest of the elements (greater than 700 mg/L). Eh, Cu, Na, Pb, S, Zn, and Mg have a variance between 100 and 700 mg/L, while the rest of the elements have much smaller variance. Figure 2 shows the spatial evolution of physical-chemical indicators and the sulphate concentration along the channel, from the clean area of the stream, point 1, to several meters after the confluence with the Chanza River, point 19.
Spatial evolution of physical-chemical parameters
This spatial behaviour shows that until point 3, the pH has neutral values between pH 7.08 at point 1 and 6.84 at point 3. Coinciding with the end of the first waste rock dump of Nuestra Señora del Carmen mine (point 4), a sharp decrease in this parameter occurs to a value of 3.35, continuing with a value below 4 along the channel until point 17, where there is an increase to pH values close to 5. Finally, there is an increase to neutrality at point 19 (corresponding to Chanza reservoir). Regarding the Eh, it develops in an opposite way, being the mirror image of pH. Sulphates, EC, and TDS also show an abrupt increase from point 4, reaching a maximum at point 7, from which their values begin to decrease along the channel, producing a sharp decline at point 17.
Spatial evolution of pollutants' concentration
The spatial evolution of other parameters along the channel is represented in Figure 3 , accordingly with the concentration ranges. Figures 2 and 3 confirm a general trend similar to that of sulphates, EC and TDS, with small differences.
Considering the spatial evolution graphs, it can be stated that the solubility of substances is determined by the acidity of the medium, as the pollutant concentration follows the pattern defined by the values of pH, points with higher concentration of pollutants corresponding with those of lowest pH values. The description of the process that happens along the channel can be as follows: rainfall provokes a wash of the waste rock dumps, generating AMD contaminated leachates that go directly to Trimpancho River, causing a decrease of pH and an increase of sulphate concentration in the receiving waters. Metal concentrations are also higher downstream of each waste rock dump. As we move away from a waste rock dump, the pH rises and consequently the pollutant concentration begins to decrease by precipitation. However, immediately after a discharge from another waste rock dump, the pH decreases again and solubility of metals is increased.
At points 1, 2, and 3 the concentration of all elements remains stable, with values that do not exceed 20.00 mg/L. From this last point, there is an important increase of the pollutant concentration, coinciding with a pH decrease, reaching at point 5 concentrations around 315.00 mg/L in the case of Mg and 165.00 mg/L for Al. The concentration of all elements continues growing slowly, until point 7, at which it reaches the maximum values. From there, concentrations begin to decrease gradually, suffering small fluctuations, maintaining high values until point 11. At point 12 there is a sharp decrease in the concentration that continues until point 13, where values similar to that of point 4 are found.
From there, the pollutant concentration remains stable to point 17, where a decrease in the pollutants' concentration is observed due to the increase of pH. At points 17 and 18 are very low concentrations, similar to those found at points 1, 2 and 3.
Noteworthy are the cases of S, Fe, and Mg, whose behaviour does not exactly fit the pattern observed for most other metals. Mg concentration increases until point 5, where it has its maximum, instead of point 7, and thereafter its concentration descends, following a similar behaviour to other metals. The presence of Mg is justified by the weathering of the host rocks, formed by slate and quartzite, which leads to its mobilization into the water when pH decreases.
In the case of Fe, it suffers a strong increase from point 4 to point 7. Then, it begins to descend abruptly until point 12, from which the concentration remains stable to point 17, where it falls to values around 2.50 mg/L. The peculiar behaviour of Fe is justified by the contributions of Nuestra Señora del Carmen mine and La Condesa mine, which justify its maximum at point 7. From there it begins to decrease due to sulphate and hydroxysulphate precipitation, generating complex salt efflorescences and ochre products, such as jarosite, identified in the streambed.
Regarding S, this element behaves similarly to Fe. The S concentration suffers an abrupt rise between points 3 and 7, and begins to decrease very sharply because of its precipitation in the form of oxyhydroxysulphate phases. At points 9 and 10, the concentration is kept at the same level because of the contributions of La Condesa mine and Trimpancho Group mines, and then it precipitates again continuing its descent until point 13, where begins to behave like other elements.
From the statistical study and analysis of the spatial evolution of all parameters, it follows that changes in physical and chemical parameters along the channel determine the existence of typical conditions of AMD contamination, with very low values of pH and an increase of sulphates and other ions in solution. Figure 4 shows the dendrogram obtained for the sampling points. As can be seen, this cluster is divided into two main groups: one is composed by the sampling points from 5 to 11, while the other includes the remaining points. This second group is, at the same time, subdivided in point 19 and the rest of points in a third subcluster. For its part, the third subcluster is divided into a group of points 1, 2, 3, 17 and 18 and an other group that includes points 4 and 12 to 16.
Cluster analysis
It is evident in the cluster of sampling points that there is a grouping around La Condesa mine, corresponding to the points 5 to 11, which was already noted through the spatial evolution of pollutant concentration (Figure 4 ). This coincides with the area of higher pollutant concentration. Nuestra Señora del Carmen mine, just before point 5, has two large waste rock dumps, which together reach 5.14 ha (Pérez-Ostalé ). Due to its size and large tonnage of slags hosting, this mine is the biggest pollutant contributor to the stream. Nevertheless, the La Condesa mine, despite having smaller dumps, 1.06 ha (Pérez-Ostalé ), represents highly polluting inputs, resulting in point 7, right after its last waste rock dump, having the maximum of all the metal concentrations.
Point 4 is grouped together with the points 12 to 16. This grouping suggests a similar hydrogeochemical behaviour before and after the area of higher contamination, with moderate metal concentrations (Figure 4) . It must be taken into account that after discharges from the Trimpancho Group mines, metal precipitation occurs again, thereby decreasing the pollution concentration, which will not have large oscillations until the junction with Chanza River. To that contributes the small area of the waste rock dumps from Volta Falsa, with 0.47 ha (Pérez-Ostalé ). Therefore, the burden of their leachate is not very high and the impact on the waters of the river is not as pronounced as in previous cases.
The area immediately before the first mine (points 1, 2 and 3) and the mixed area of the contaminated stream and clean river (points 17 and 18) are within the same subcluster. This reflects the character of mixing zones in which the clean and contaminated waters join, making it possible to appreciate visually the pollutant plume. In this area, the pH value approaches neutrality, since the confluence with a clean channel of high flow promotes the rapid pH rise, with consequent precipitation of the metals. This is accompanied by decreasing of TDS, EC and Eh, which is reflected in point 17 (Figures 3 and 4) . This causes an accumulation of contaminants in the streambed that, depending on the changes in the physical parameters of the channel, could be incorporated into the reservoir that supplies farmlands and irrigated lands, with the consequent impact on health and ecosystems, or even impeding its use in case of exceeding the legal limits.
Points 1, 2, 3, 17 and 18 show values of pH around 7 and low metal concentration but somewhat higher than expected. In the case of points 1 to 3, it must be noted that they are affected by acid rock drainage (ARD), while points 17 and 18 show the characteristics of being a mixing zone in which the pH has risen but the metals have not completely precipitated yet.
Point 19 is in another cluster because at this site, Trimpancho Stream waters have been thoroughly mixed with the Chanza River, which in addition has much higher flow. Consequently, metals, sulphates and TDS concentration descend drastically, being at lower levels than those found in the first sampling points, located before pollution sources.
Factor analysis
The factor analysis was performed only for the variables pH, Pb, Cd, Zn, Eh, As, Sulphates, EC, TDS, Mg, Co, Ni, Fe, and Cu, as the number of variables must be lower than the sampling points. So, only the most relevant informative parameters were selected.
The results of factor analysis ( Figure 5 ) indicate that pH is in the negative part of both axes, showing high and negative coefficient with factor 1 and medium and negative with factor 2. The rest of the variables are in the positive part of both axes, finding three different groupings. First there is the Pb, showing low and positive coefficients with factor 1 and positive and very high with factor 2. Below is a group formed by Cd and Zn, with moderate and positive coefficients for factor 1 and high and positive coefficients for factor 2. Finally, there is a group formed by Eh, As, Sulphates, EC, TDS, Mg, Co, Ni, Fe, and Cu, with very high and positive coefficients with factor 1 and medium and positive for factor 2.
The pH, Eh, As, Sulphates, EC, TDS, Mg, Co, Ni, Fe, and Cu variables show close proximity with factor 1, so exerting great weight on this factor, which allows us to define it as 'AMD Process', since the presence of these variables is determined by the sequence of reactions that occur during the AMD process. Factor 2 is defined as 'Total Acidity' because in the positive part are all variables except pH.
This factor analysis allows us to suggest that variables as Pb, Cd, and Zn are directly related to the generated acidity, increasing their presence with increasing acidity. The Eh, As, Sulphates, EC, TDS, Mg, Co, Ni, Fe, and Cu variables appear influenced by the process of AMD by the mere acidity of the medium.
CONCLUSIONS
The size of the channel under study, together with the presence of several AMD sources with specific paragenesis, allows this river to be used as a 'key site' for modelling an AMD mining channel with environmental impact in a water supply reservoir.
The results indicate typical AMD contamination, contributing to an advance in the state of the art, since the applied methodology can be extrapolated to other areas with similar problems.
Spatial evolution graphs show the changes in the watercourse caused by the discharge of leachates from successive waste rock dumps. They could be used as a preliminary diagnostic tool, in order to give the following information: an approximation of the degree of affection caused by each waste rock dump and a description of the water chemistry evolution as it gets closer to the AMD sources.
Multivariate analysis, in particular cluster and factor analysis, has been checked as a useful tool for characterizing the AMD process, as it groups the variables, revealing the influence that the process exerts over each of them. Likewise, it makes evident the influence that each element exerts over the others.
These modelling approaches can be useful to land management entities and to mining companies that, in the current market situation, must reach conditions of 'zero discharge' to the river system and at the same time must assume the environmental liabilities arising from the presence of old mines.
The rising price of copper in answer to the high demand from Asian countries increases the relevance of such types of modelling approaches.
